Introduction {#s1}
============

Thermal batteries are potential power sources for nuclear weapons and warhead missiles and are used in aerospace applications owing to their excellent mechanical properties, reliability, and low self-discharge characteristics (Guidotti and Masset, [@B12]; Kang et al., [@B20]; Jin et al., [@B17]). Cathodes of commercial thermal batteries are fabricated using transition metals such as FeS~2~, CoS~2~, and NiS~2~; their anodes are fabricated with Li-alloys (Li-Si and Li-Al); and a eutectic mixture of LiCl-KCl, which exists in the molten state at the operating temperature of thermal batteries (\~500°C), is used as the electrolyte (Guidotti and Masset, [@B13]; Masset and Guidotti, [@B28]; Giagloglou et al., [@B9]). Although the electrochemical properties of CoS~2~ and NiS~2~ are similar to those of FeS~2~, sulfur exhibits a high loss rate when it encounters electrolytic salts (Preto et al., [@B32]). In addition, synthesis of CoS~2~ is expensive, thereby limiting its usage in large-scale applications (Jin et al., [@B18]).

Generally, cathodes of thermal batteries are in the form of cold-pressed pellets. To manufacture a pellet-type cathode, the cathode active material is mixed with various additives such as salts, electrolyte, and a binder (Au, [@B1]; Singh et al., [@B36]; Masset et al., [@B27]; Yang et al., [@B43]). Such cathodes are called catholytes (cathode + electrolyte) because they contain a large amount of electrolyte to transfer ions to the cathode during the operation of thermal batteries (Au, [@B1]; Guidotti and Preston, [@B11]; Masset and Guidotti, [@B28]; Yang et al., [@B43]). Moreover, binder materials such as MgO and SiO~2~ are added to the cathode to ensure the molten salt is maintained at the high operating temperatures of thermal batteries (Kim et al., [@B21]; Cha et al., [@B4]; Wu et al., [@B42]). However, these additives increase the internal resistance of the electrodes, and their addition reduces the amount of cathode active material, thus deteriorating the discharge characteristics of the cathode (Masset and Guidotti, [@B26]; Ko et al., [@B22]). In addition, it is difficult to manufacture large-sized cathodes with sufficient mechanical strength through a cold-press method (Guidotti et al., [@B15], [@B14]; Leviatan, [@B23]).

Various methods to manufacture reliable cathodes with sufficient mechanical strength have been studied. The most notable methods are tape casting and thermal spraying. Via tape casting, a cathode can directly be fabricated onto the current collector or on a graphite paper substrate from slurry by blending the active cathode material and some polymeric binders, thus fabricating thin cathodes; the size of the cathodes can be easily scaled up. However, the process of manufacturing the slurry is complicated, and the method increases the internal resistance of the batteries because of the presence of various polymer binders (Masset et al., [@B27]; Cha et al., [@B4]). Thermal spraying is a coating process in which the FeS~2~ active material is sprayed through a heated feedstock onto the surface of a prepared current collector. In this method, the surface of the current collector is coated by spraying raw materials. Electrode formation by thermal spraying is simpler than that by tape casting. However, decomposition of FeS~2~ may lead to the deposition of FeS or S~2~ in the heated feedstock, causing a spike during thermal battery discharge (Guidotti and Preston, [@B11]). In addition, the thermal spray method requires expensive equipment. However, electrodes fabricated by the two methods mentioned are very thin to allow loading of large active materials. A small amount of active material in the positive electrode degrades the discharge characteristics of thermal batteries. Therefore, a simple, inexpensive method for fabricating cathodes containing the necessary active materials with lesser additives needs to be developed.

Thermal battery cathodes have been fabricated using metal foam as an electrode support and conductor (Ji et al., [@B16]; Sun et al., [@B38]). Metal foams of various sizes and thicknesses with high porosity (\>90%) can be added to various active materials to improve mechanical strength. However, metal foams increase the contact resistance with the active material because of low structural similarity with the cathode active material. Furthermore, they reduce the capacity of the batteries because the metal does not participate in the electrochemical reaction during thermal battery operation. To improve these characteristics, the metal foam needs to be treated with a material with structural characteristics similar to those of the active material of the cathode. Fe metal foam is a promising option because it can react with S~2~ powders to form FeS~2~, a thermal battery cathode material, via simple thermal sulfidation, as shown in [Figure 1](#F1){ref-type="fig"} (Ferrer and Sánchez, [@B7]; Liu et al., [@B24]). The purpose of this study is to synthesize a cathode frame whose structural characteristics are the most similar to those of cathode materials (FeS~2~) of thermal batteries. In addition, the thermal battery discharge characteristics were evaluated. The discharge performance of a thermal cathode with FeS~2~ foam and that with Fe foam in a single cell configuration were compared to evaluate the efficiency of the sulfidation reaction. The discharge capacity of the unit cell with the synthesized FeS~2~ foam electrode was 538.3 A s/g at the cut-off value of 1.3 V and that for the single cell with Fe metal foam was 404.04 A s/g. These results indicate that the use of FeS~2~ foam is an effective method to fabricate thermal battery cathodes.

![Schematic representation of the synthesis process of the cathode using FeS~x~ foam for thermal batteries.](fchem-07-00904-g0001){#F1}

Experimental {#s2}
============

Thermal sulfidation of FeS~2~ foam was carried out in a sealed quartz tube to prevent oxidation and incorporate the evaporated sulfur. Fe foam (porosity: 95%, pore size: \~450 μm, Alantum Corporation, Seongnam, South Korea) and sulfur powder (purity: 99%, Sigma Aldrich, St. Louis, Missouri, USA) were used as starting materials to fabricate the FeS~2~ foam. The Fe foam was cut into a circle of diameter 56.2 mm, which was the size of the cathode. The Fe foam and sulfur powder (twice the amount of Fe in terms of molar ratio) were placed in the quartz tube, which was purged with Ar gas and subsequently sealed. The precursors placed in the quartz tube were then sulfidized at 400 and 500°C (HT-400 and HT-500) for 3 h. The heating rate was maintained at 2°C/min. After thermal sulfidation, the quartz tube was slowly cooled to room temperature. All the experiments were performed in a glove box to prevent contact with oxygen and moisture.

FeS~2~ slurry was impregnated into FeS~2~ foam to fabricate the thermal battery cathodes. The FeS~2~ slurry was prepared as follows. FeS~2~ powder (mean size: 98 μm, purity: 99% LinYi, China) was dispersed in acetone by ball milling using a BYK-111 (Altana) dispersant for 24 h. The initial particle size of the FeS~2~ powder was about 98 μm; however, the particle size reduced to about 20 μm after ball milling for 24 h. The size reduction of the particles by ball milling has been confirmed in previous studies (Ko et al., [@B22]). The FeS~2~ slurry was placed in a glass petri dish along with Fe and FeS~2~ foam, and the resulting mixtures were left under ambient conditions for several minutes. The mixtures were subsequently dried at 70°C for 24 h to completely remove acetone. A schematic representation of the entire process of cathode fabrication via FeS~2~ impregnation on Fe foam and the FeS~2~ foam prepared by thermal sulfidation is shown in [Figure 1](#F1){ref-type="fig"}.

The crystalline phases of FeS~2~ foams, which were synthesized at different sulfidation temperatures, were analyzed by X-ray diffraction (XRD, PANalytical X\'Pert PRO) with Cu Kα radiation. The surface morphological properties and element ratios of the samples were examined using a field-emission scanning electron microscope (Hitachi S-4200) with an energy dispersive X-ray spectrometer (EDX). The resistances of the FeS~2~ foams were measured at room temperature by electrochemical impedance spectroscopy (EIS, IM6Ex) over a frequency range of 100 mHz−2 MHz with an amplitude voltage of 10 mV.

The cathodes fabricated using the pure Fe and FeS~2~ foams were used to evaluate the discharge characteristics of thermal battery single cells. [Figure 2](#F2){ref-type="fig"} shows the general procedure of assembly of the single cell used to confirm the discharge characteristics of the cathode using HT-500 foam.

![Structure and images of a single cell for a thermal battery.](fchem-07-00904-g0002){#F2}

To verify the characteristics of the cathode, a commercial pellet-type electrode was used as the separator and anode. The discharge test of the single cell was performed under conditions similar to the operating conditions of thermal batteries and by using Daque 9,000 at 500°C with a load of 250 kg~f~ while applying a consecutive pulse current (10 A, 4.5 s → 0 A, 0.5 s). The discharge test was terminated when the voltage dropped below 1.3 V.

Results and Discussion {#s3}
======================

FeS~2~ Foam Fabrication According to Sulfidation Temperature
------------------------------------------------------------

FeS~2~ foam was fabricated via thermal sulfidation at 400 and 500°C on Fe foams. The surface morphologies of the Fe and FeS~2~ foams synthesized at different sulfidation temperatures were examined by SEM. [Figure 3A](#F3){ref-type="fig"} shows that the Fe foam had a three-dimensional structure with interconnecting holes (200--450 μm) made up of arch ribs. The arch ribs of the Fe foam had smooth and uniform wrinkles on the highly porous surface. [Figures 3B,C](#F3){ref-type="fig"} shows that HT-400 and HT-500 foams were prepared at different thermal sulfidation temperatures. SEM images of the foams treated by thermal sulfidization revealed that sulfur was deposited entirely on the surface of the arch ribs. Both HT-400 and HT-500 foams had porous structures with no wrinkles on their surfaces ([Figures 3B,C](#F3){ref-type="fig"}) unlike the Fe foam. As the thermal sulfidation temperature increased, the amount of sulfur deposited on the surface of the arch ribs increased along with an increase in the surface grain size. However, the synthesized HT-400 and HT-500 foams increased in terms of grain size with increasing sulfidation temperature but did not exhibit pores and cracks ([Figure S1](#SM1){ref-type="supplementary-material"}). These results show an improvement in surface conditions over those obtained by Rahman and Wen ([@B33]). In addition, the synthesized HT-400 and HT-500 foams are expected to exhibit stable mechanical strength because they have 3D architectures. Moreover, EDS mapping clearly showed the uniform distribution of S and Fe on the surface of the foams ([Figures 3D,E](#F3){ref-type="fig"}). HT-500 foam consisted of 32.79% of Fe and 67.21% of S with an Fe/S ratio of 2.04, which is very close to the atomic ratio in the formula FeS~2~ ([Table 1](#T1){ref-type="table"}). However, HT-400 foam consisted of 38.29% of Fe and 61.17% of S with an Fe/S ratio of 1.60. In other words, the sulfur content of the HT-400 foam was lesser than that of FeS~2~ (the material of thermal battery cathodes).

![SEM images of **(A)** Fe, **(B)** HT-400, and **(C)** HT-500 foams. EDX images of **(D)** HT-400 and **(E)** HT-500 foams.](fchem-07-00904-g0003){#F3}

###### 

Quantification results of EDX at different annealing temperatures.

  **Heat treatment temp. (^**°**^C)**   **Concentration (at %)**   
  ------------------------------------- -------------------------- -------
  400                                   38.29                      61.17
  500                                   32.79                      67.21

[Figure 4](#F4){ref-type="fig"} shows the XRD peaks of HT-400 and HT-500 foams. Both samples showed peaks corresponding to the (111), (200), (210), (211), (220), (311), (222), (023), and (321) planes (JCPDS card no. 42-1340). This exhibits a cubic pyrite (FeS~2~) structure with the space group of *Pa3* (Cabán-Acevedo et al., [@B2]; Lucas et al., [@B25]; Miao et al., [@B30]). However, XRD peaks for FeS of HT-400 foam and the high Fe content by EDS analysis (in [Table 1](#T1){ref-type="table"}) indicate the coexistence of FeS and FeS~2~. Pyrrhotite (FeS) causes thermal battery degradation owing to self-discharge by pyrolysis and impurity formation during the operation of thermal batteries (Schoeffert, [@B34]; Masset and Guidotti, [@B29]). In contrast, the HT-500 foam confirmed good crystallinity with high intensity and sharp XRD peaks. To further analyze the crystallinity and phase purity of HT-400 and HT-500 foams, HRTEM and SAED analyses were carried out on them ([Figure S2](#SM1){ref-type="supplementary-material"}). The HT-400 foam showed lattice spacings of 3.126 and 2.050 Å corresponding to the pyrite (111) and pyrrhotite (208) planes, respectively ([Figure S1b](#SM1){ref-type="supplementary-material"}). However, the HT-500 foam showed a lattice spacing of 3.126 Å corresponding to the (111) plane ([Figure S1c](#SM1){ref-type="supplementary-material"}).Thus, the structure of HT-500 foam was similar to that of the cathode material, and HT-500 foam did not contain any FeS; it was expected that there would be no incidental reaction related to FeS during thermal battery discharge.

![XRD patterns of HT-400 and HT-500 foams.](fchem-07-00904-g0004){#F4}

[Figure 5](#F5){ref-type="fig"} shows the Nyquist plots of the HT-400 and HT-500 foams obtained from their EIS results (to evaluate their electrochemical properties). From the EIS results, the total ohmic resistance associated with the series resistance of HT-400 and HT-500 foams was determined. The high-frequency intercept at the real axis (Z) corresponds to the total ohmic resistance (R~s~) (Cooper and Smith, [@B6]; Gomez et al., [@B10]). In addition, a Warburg tail was not observed at low frequencies, indicating that only electrical conduction occurred (without ion conduction) at these frequencies (Sinclair, [@B35]). The electrical resistances of the HT-400 and HT-500 foams at room temperature were found to be 1.55 × 10^4^ and 9.37 × 10^3^ Ω, respectively. The diameter of the Nyquist curve semicircle of the HT-400 foam was larger than that of the HT-500 foam, indicating that the electrical resistance of the HT-400 foam was higher than that of the HT-500 foam.

![Nyquist plots of HT-400 and HT-500 foams.](fchem-07-00904-g0005){#F5}

These results suggest that the HT-400 foam was synthesized with a mixed phase rather than a single phase, thereby resulting in an increase in the total resistance (Thomas et al., [@B39]). The structure of HT-500 foam was similar to that of FeS~2~, and HT-500 foam exhibited more stable electrochemical properties than HT-400 foam. Therefore, HT-400 foam is not discussed in detail in the rest of the study.

Single Cell Assembly Using Synthesized FeS~2~ Foam
--------------------------------------------------

Cathodes for thermal batteries were fabricated using HT-500 and Fe foams to confirm the effect of thermal sulfidation. Both the cells were 16-mm thick and had a diameter of 56.2 mm. [Figures 6A,B](#F6){ref-type="fig"} show images of the Fe foam before and after immersion in FeS~2~ slurry, respectively. The color of the Fe foam changed after immersion in the FeS~2~ slurry, indicating that the Fe foam was well-impregnated with the slurry. [Figures 6C,D](#F6){ref-type="fig"} show images of the HT-500 foam before and after FeS~2~ slurry impregnation, respectively. The color of the FeS~2~ slurry impregnated HT-500 foam was similar to that of the FeS~2~ slurry impregnated Fe foam. [Figures 6E,F](#F6){ref-type="fig"} show cross-sectional SEM images of the HT-500 foam before and after FeS~2~ slurry impregnation, respectively. The figures show that before impregnation, the HT-500 foam comprised void spaces. Such a frame structure can prevent separation of the cathode powder at the operating temperature of thermal batteries and can contain a large amount of active material. After impregnation, a large amount of fine FeS~2~ particles filled the voids and increased the density of the HT-500 foam.

![Image of pure Fe foam **(A)** before and **(B)** after impregnation with FeS~2~ slurry. HT-500 foam **(C)** before and **(D)** after impregnation with FeS~2~ slurry. Cross-section of the SEM image of HT-500 **(E)** before and **(F)** after impregnation with FeS~2~ slurry.](fchem-07-00904-g0006){#F6}

Evaluation of Discharge Characteristics of the Assembled Single Cells
---------------------------------------------------------------------

[Figure 7](#F7){ref-type="fig"} shows the discharge performance of the HT-500 and Fe foam cathodes and the assembled cells. The fabricated cells were discharged into the pulse mode at the thermal battery operating temperature. The inversion voltage plateaus of the thermal battery using FeS~2~ had three parts: the Z-phase reacts with FeS~2~ and Li to form Li~2~Fe~2~S~4~, the J-phase generates Li~3~Fe~2~S~4~, and the X-phase was the final reaction step to produce elemental lithium sulfur and iron (Choi et al., [@B5]). The X-phase occurs at 1.3 V (Ulissi et al., [@B40]).

![Discharge graphs of cathodes using Fe and HT-500 foams.](fchem-07-00904-g0007){#F7}

In this study, we confirmed the capacity of the single thermal cell by setting the cut-off value to 1.3 V, which is the voltage at which the main reaction of the thermal battery cathode is completed, to confirm the final reaction of FeS~2~. [Table 2](#T2){ref-type="table"} lists the thicknesses, foam weights, total electrode weights, and discharge capacities of the cathode using Fe and HT-500 foams. To determine the effect of Fe and HT-500 foams, the thermal battery capacity was calculated by considering the total cathode weight. The discharge capacity of the Fe foam cathode at the cut-off value of 1.3 V was found to be 404.04 A s/g. In contrast, the cell using the HT-500 foam cathode showed a discharge capacity of 538.38 A s/g. The reason for the higher discharge capacity of the HT-500 foam was the chemical reaction that occurs during discharging.

###### 

Discharge performances of cathodes using Fe foam and HT-500.

  -----------------------------------------------------------------------------------------------------------
  **Type**        **Thickness**\   **Foam weight**\   **Total electrode weight**\   **Discharge capacity**\
                  **(mm)**         **(g)**            **(g)**                       **(A s/g)**
  --------------- ---------------- ------------------ ----------------------------- -------------------------
  Using Fe foam   1.6              1.209              4.739                         404.04

  Using HT-500    1.6              2.183              6.118                         538.38
  -----------------------------------------------------------------------------------------------------------

Based on the discharge evaluation shown in [Figure 8](#F8){ref-type="fig"}, the total polarization of the single battery with a cathode frame was calculated using the formula reported by Fujiwara et al. ([@B8]). The total polarization was calculated using the following equation:
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where Rt: total polarization, Ω; V~oc~: open circuit voltage, V; V~cc~: close circuit voltage, V; and I: discharge current, A.

![Total polarization graphs of cathodes using Fe and HT-500 foams.](fchem-07-00904-g0008){#F8}

During discharge, the total polarization of the Fe foam cell is higher than that of the HT-500 cell. Furthermore, a strong internal resistance was observed during the reaction between 100 and 150 s. These results are consistent with the results in [Figure 7](#F7){ref-type="fig"} which shows a region where the performance of the Fe foam cell rapidly decreased. These results indicate that the internal resistance increases as an intermediate product (in the X-phase and J-phase) during the thermal battery discharge is rapidly generated because of the reaction between the Fe foam and the melted electrolyte (Kam and Johnson, [@B19]). In addition, the total polarization appears to be lower after 150 s, which is due to the electrons generated upon the reaction of Fe and LiS~2~, a byproduct of the thermal battery reaction (Peled and Lavi, [@B31]; Strauss and Peled, [@B37]; Masset and Guidotti, [@B28]). Because this occurs when the thermal battery reaction is completed, the discharge capacity is less affected ([Figure S3](#SM1){ref-type="supplementary-material"}). These results have an impact on the discharge characteristics of the battery, causing a reduction in its capacity when compared with batteries using the HT-500 foam. [Table 3](#T3){ref-type="table"} shows a comparison of the discharge characteristics of the sample fabricated in this study to those fabricated through other methods. The thermal battery discharge profile depends on the pulse current. Generally, as the discharge current increases, the operation time and capacity of the battery reduce (Wesolowski and Papenguth, [@B41]; Ceriotti et al., [@B3]). These cells can be fabricated with diameters larger than those fabricated by other methods.

###### 

Characteristics of the cathodes based on production method.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Sample**   **Electrode manufacturing method**   **Theoretical capacity**\                   **Capacity**\                              **Additive**         **Cut-off voltage (V)**   **Pulse load (A)**   **Battery size**\
                                                    **(A s/g) (Guidotti and Masset, [@B12])**   **(A s/g)**                                                                                                    **(mm)**
  ------------ ------------------------------------ ------------------------------------------- ------------------------------------------ -------------------- ------------------------- -------------------- -------------------
  This study   Using foam                           1,206                                       538.38 (at 500°C)                          No                   1.3                       10                   Diameter: 56.2\
                                                                                                                                                                                                               Thickness: 1.6

  1            Plasma spray                         1,206                                       1,967 (at 550°C) (Ulissi et al., [@B40])   No                   1.0                       2                    Diameter: 31.8\
                                                                                                                                                                                                               Thickness: 0.13

  2            Tape casting                         1,206                                       597 (at 550°C) (Kim et al., [@B21])        Polymeric binder     1.5                       2.2                  Diameter: 30\
                                                                                                                                                                                                               Thickness: 0.134

  3            Cold pressing                        1,206                                       647.4 (at 550°C) (Kim et al., [@B21])      LiF-LiBr-LiCl, MgO   1.5                       2.2                  Diameter: 30\
                                                                                                                                                                                                               Thickness: -
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Furthermore, we compared the discharge performances of the cold-press electrode and the electrode using HT-500 ([Figure S4](#SM1){ref-type="supplementary-material"}). Typically, the thickness of the cathode electrode manufactured by the cold-press method is 0.5 mm, and that of the HT-500 cathode was also 0.5 mm. The former showed a capacity of 996.0 A s/g and the latter showed a capacity of 1251.2 A s/g. The capacity of the cathode using HT-500 foam was 1.2 times that of the cold-press electrode. The discharge characteristics of the single cell using the HT-500 foam show that the cell can be utilized to manufacture a thermal battery electrode.

Conclusions {#s4}
===========

HT-500 foam was synthesized through a sulfidation process for use as a thermal cathode frame. The HT-500 foam reduced the contact resistance between the active material and the Fe foam because of the formation of FeS~2~ crystals, which was dependent on the thermal sulfidation temperature. The foam was used as a frame for thermal battery cathodes, and the discharge capacity of the cathode was measured. The discharge characteristics of the HT-500 and Fe foam cathodes were compared. The discharge capacity of a single cell with the HT-500 foam was 538.38 A s/g, which is 1.3 times higher than that of the single cell using the Fe foam. These results indicate that the discharge characteristics and mechanical strength of thermal battery cathodes can be improved by decreasing their interfacial resistance by coating active materials on their surfaces. Thus, HT-500 foam is a promising cathode frame for high-performance thermal batteries.
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